Detection of the loss of chromosomal regions in cancerous tissues has diagnostic and prognostic relevance, and the development of a reliable and cost-effective technique for this is clinically important. Here we present an efficient technique for quantitative detection of microsatellite alleles, using a post-PCR fluorescence-labeling procedure and multiplexed analysis. We also present a new statistical method for the interpretation of the data that permits reliable and sensitive evaluation of the allelic status of sampled DNA. A high-resolution analysis of allelic imbalance on chromosomes 1p, 10 and 19q in 28 glioma samples of various types using this method revealed that allelic imbalances are more frequent than have been reported, suggesting the diagnostic value of this method in examining the genetic profiles of gliomas.
Loss of heterozygosity (LOH), is frequently observed as a genetic alteration in various kinds of cancer tissues, and is considered to be a genetic mechanism that leads to inactivation of tumor suppressor genes. The region of LOH, often detected as an allelic imbalance, is different between the subtypes of some tumors such as gliomas, so defining the chromosomal regions that reveal allelic imbalance can have a diagnostic value. For example, in gliomas, loss of chromosome regions on 1p and 19 is frequent in oligodendrogliomas, and deletions on chromosome 10 may be associated with high-grade astrocytic gliomas. [1] [2] [3] However, it is still uncertain if these genetic changes can serve as diagnostic indicators, since the percentage of these changes varies between reports, 4) and the techniques used to detect the imbalance are costly.
Multiplexed fluorescence-based quantitative evaluation of microsatellite alleles using DNA sequencers is frequently used for the detection of allelic imbalance. However, this method usually requires numerous fluorescently labeled primers, which are expensive. In addition, the sets of markers in the multiplex analysis using pre-labeled primers are inflexible. To change the combination of the markers or to include new markers in the multiplexing, considerable investment is often needed for the synthesis or purchase of new primers. Using allele quantification of microsatellites also often leads to contradictory determinations of imbalance, because of unsettled criteria for interpretation of the data. 4) Assessment of allelic imbalance is difficult because of the heterogeneity of tumor cells and the presence of normal cells in tumor biopsies. Thus, perfect allelic imbalance -absolute lack of one allele -can never be observed in surgical specimens without extra study, such as microdissection or culturing to obtain clonal tumor cell populations. However, those steps require special expertise, and are diagnostically impractical.
Allelic imbalances are usually detected, based on the comparison of the peak height ratio of two alleles in tumor and normal tissues of heterozygous individuals, after electrophoretic separation of alleles in PCR-amplified products. In many published reports, tumors have been scored as having LOH if the relative fluorescence ratios of the two alleles in the tumor sample differ by more than 1.5-2.0-fold compared with that of normal tissue. However, these cut-off values have been arbitrary. This ambiguity of the criteria for judgment of imbalance is at least a part of the reason for the discrepancies in the reported percentages of values of allelic imbalance.
The aim of this study was to develop a practical method to assess the allelic status of tumor cells. Post-PCR fluorescence-labeling procedures were employed instead of using pre-labeled fluorescent primers, and this allowed us to assess the allelic status of many microsatellite markers at a low cost using widely available DNA sequencers. 5) Another advantage of post-labeling procedures is that the combination of markers in each multiplexed electrophoresis is flexible. We also established objective criteria for the detection of allelic imbalance based on statistical interpretation of the data, which permitted sensitive and reliable detection of the chromosomal regions of allelic imbalance. Using these criteria, we evaluated the allelic status of chromosomes 1p, 10 and 19q, and tumor suppressor genes p53 and CDKN2A (p16) in 28 gliomas. We found that the characteristic allelic imbalance in the subtypes of the tumor, in particular the loss of chromosome 10 in astrocytomas, is higher than previously reported, and can be a useful diagnostic indicator.
MATERIALS AND METHODS
Tumor and control samples Samples of brain tumors were obtained from patients during craniotomy at Kyushu University Hospital or other affiliated institutions. Part of the tumor tissues was saved for histopathological examination, and the rest was snap-frozen in liquid nitrogen and stored at −80°C. Tumors were histologically diagnosed by a neuropathologist and graded according to WHO criteria.
6) The samples consisted of 18 astrocytic high-grade gliomas, eight oligodendrogliomas and two mixed oligoastrocytomas. The astrocytic gliomas included three grade III anaplastic astrocytomas and 15 grade IV glioblastomas. Oligodendrogliomas included seven grade II oligodendrogliomas and one grade III anaplastic oligodendroglioma. Mixed oligoastrocytomas included one grade II oligoastrocytoma and one grade III anaplastic oligoastrocytoma. Tumor DNA was isolated from the frozen blocks using standard phenol-chloroform extraction procedures. Corresponding normal DNA was isolated from a blood sample of the same patient. Use of all materials in this study was in accordance with the guidelines of the Ethics Committee of Kyushu University. Microsatellite markers The 78 sequence tagged sites carrying dinucleotide repeats on chromosomes 1p, 10 and 19q were chosen from the list of HD5 ABI PRISM Linkage Mapping Set (Applied Biosystems, Foster City, CA). We also examined markers D10S216, D19S219, D19S412 and D19S596, as these have been frequently used in studies of LOH in these chromosomal regions. [7] [8] [9] [10] Loci of the known tumor suppressor genes p53 and CDKN2A (p16) were examined using markers on chromosomes 17p (D17S831, D17S1876, and D17S1791) and 9p (D9S269, D9S156, D9S157, and D9S171), respectively. The primer sequences of all markers were obtained from the Genome Database (http://www.gdb.org/). The order of microsatellite markers on the chromosomes was according to relevant data on the Web sites at Ensemble (http:// ensembl.org/) and at Human Genome Working Draft (http://genome.ucsc.edu/). All primer sequences were modified to contain either ATT (forward primer) or GTT (reverse primer) at their 5′ ends for post-PCR fluorescence-labeling purposes, 11) and were purchased as desalted reagents (Amersham Pharmacia Biotech, Tokyo). Primer sequences are available on request. Polymerase chain reaction PCR was performed in a total volume of 5 µl containing 30-50 ng of template DNA, 1 µM of each primer, 0.2 mM of each nucleotide, 0.125 U of Taq DNA polymerase (Applied Biosystems), 27.5 ng of Taq-Start antibody (Clontech Laboratories, Palo Alto, CA), 2.5 mM MgCl 2 , 10 mM Tris-HCl, pH 8.3, and 50 mM KCl. PCR was performed in a thermal cycler (Biometra, Goettingen, Germany) with an initial denaturation step at 95°C for 1 min, followed by 35 cycles of 30 s at 95°C, 30 s at 65°C, and 1 min at 72°C. Final extension was for 5 min at 72°C. An annealing temperature of 60°C was adopted for markers D9S156 and D9S269. PCR reactions on tumor DNA and the corresponding blood DNA were performed in the same batch. Pooling of markers and fluorescence-labeling for multiplexed analysis The combination of markers in each multiplexed analysis was determined as follows. The PCR amplicons to be multiplexed were divided into two to four size classes, each containing three amplicons. The amplicons, one per size class, were then pooled (2 µl per amplicon). In this way, three pools, each containing two to four amplicons that did not overlap in size, were obtained. The pools were then subjected to post-labeling reactions using different fluorophores for the three pools: R6G-dCTP, R110-dUTP and TAMRA-dUTP (Applied Biosystems). The reaction was started by adding an equal volume of 5 mM Tris-HCl pH 8.7, 10 mM MgCl 2 , 0.1 U/µl Klenow fragment DNA polymerase I, and either 2 µM R6G-dCTP, R110-dUTP or TAMRA-dUTP. In this reaction, the strand having corresponding nucleotides at the 3′ end was fluorescently labeled, while the other strand remained unlabeled. The products labeled with the three different fluorophores were then combined, a 6-carboxy-Xrhodamine (ROX)-labeled size marker (GS400HD [ROX]; Applied Biosystems, 0.5 µl) was added, and the mixture was subjected to capillary electrophoresis after 15-fold dilution with distilled water. Electrophoresis and data processing Capillary electrophoresis was performed with a 310 Prism Genetic Analyzer (Applied Biosystems). Raw electrophoresis data were analyzed with "GeneScan" Analysis software (Applied Biosystems) as described previously.
5) Alleles were identified, and peak heights were measured using "Genotyper" software (Applied Biosystems).
RESULTS
Effectiveness of the post-PCR fluorescence-labeling method We adopted a post-PCR fluorescence labeling method to label and quantify microsatellite alleles in the DNA of tumor and blood samples. In the method described here, the designing of multiplexed analysis is straightforward, because each microsatellite marker can be labeled with any of the three fluorophores. Moreover, allele peaks in the electropherogram of post-labeled products are free from non-templated plus-A peaks, because the Klenow fragment of DNA polymerase I used in the labeling reaction effectively removes the extra nucleotide. As a result, resolution of the peaks is improved and alleles can be identified reliably, and, as shown in Fig. 1 , most of the microsatellite ladders are separated to the baseline. In the example of LOH analysis shown in this figure, six microsatellite markers on chromosome 1p in a glioblastoma and in normal cells derived from the same individual were analyzed, and the imbalance is clearly seen for all markers. Reproducibility of peak height ratio of alleles in normal samples In PCR-based microsatellite analysis, interpretation of electropherograms of heterozygous individuals is often complicated by the presence of stutters, especially when the difference between the repeat units of alleles is small. We have developed a simple quantitative method to statistically evaluate allelic status without the often laborious and unreliable procedures of stutter-correction.
We defined R N as the ratio of the height of the major peak of the smaller allele to that of the larger allele in the normal tissue (blood) of heterozygous individuals, without correction of the stutter effect. Similarly, R T was defined for the ratio in the tumor sample. Allelic status was then assessed from the absolute value of difference (∆R) between R N and R T . That is, the tumor is in a state of allelic imbalance when R T is significantly different from R N .
To estimate the variability of R N , we took 550 heterozygous cases (82 loci in 28 individuals), and the standard deviations of R N (σ R N ) for all cases were calculated using five independent determinations for each case (a total of 2750 PCR amplifications). We found that the R N widely varied if the products of different PCR batches were compared. However, the variations of R N obtained within the same PCR batch (intra-PCR variation) were moderately small. We therefore decided to consider intra-PCR variations, and estimated their standard deviations. We then plotted σ R N against the mean value of R N . The results revealed that σ R N can be approximated by a regression line, although considerable scatter of the plots was observed (Fig. 2) , and the following relationship is established:
Here, the slope, 0.05, is the coefficient of variation of R N . Statistical assessment of allelic status To determine whether R T , the ratio of peak heights of alleles in the tumor, is significantly different from R N (the ratio in the 
where n is the number of analyzed samples. 12) Here, σ R N was estimated from five determinations of normal samples, thus n=5. From the equation above, an R T value outside R N ±6σ R N is considered to be significantly different from R N with more than 99% confidence, i.e., there is a false-positive rate of less than 1% using this criterion of allelic imbalance.
Using these approach, we examined the allelic status of all tumors using the 89 markers, which involved 2492 genotypings, and defined the allelic imbalances. Fig. 3 shows the distribution of ∆R within bins of width σ R N . The distribution of ∆R was found to be bimodal, and the smallest value was observed between 5σ R N and 6σ R N , justifying our definition of the cut-off limit for allelic balance as 6σ R N , with a low false-negative rate. Allelic status of gliomas Having established objective criteria for the judgment of allelic imbalance, we assessed the allelic status of candidate chromosomes in gliomas. As shown in Fig. 4 , the pattern of allelic imbalance in our results agrees with previously reported genetic alterations characteristic of oligodendroglioma and astrocytic gliomas. However, the frequencies are higher than those that have been previously reported. For example, concomitant losses of entire chromosomes 1p and 19q were observed in 90% of oligodendrogliomas in this study, in contrast to 50-80% in previous reports. 2, 3, 13, 14) Allelic imbalances of 1p and 19q in astrocytic gliomas were also 39% and 61%, respectively, whereas the highest reported frequencies are 20% and 40%. 10, [14] [15] [16] [17] In addition, the frequency of allelic imbalance on chromosome 10 is 94%, a value higher than that in many previous reports, 7, 8, [18] [19] [20] while none was observed in oligodendrogliomas. As shown in Fig. 5 , allelic imbalance of the p53 and CDKN2A (p16) loci was detected in both oligodendroglial tumors and astrocytic gliomas. Microsatellite instability In the process of assessing LOH, we identified several loci with microsatellite instability, which were evaluated according to the criteria reported by Sobrido et al. 21) As shown in Fig. 4 , microsatellite instability was observed in 12 of the 2492 examined loci (0.4%).
DISCUSSION
LOH is frequently detected in many common cancers, but the tumor suppressor genes or their loci responsible for the cancer have not necessarily been identified. Therefore, the search for allelic imbalance for the detection of LOH requires an analysis involving many markers located at a high density.
The multiplexed analysis of post-PCR fluorescencelabeled microsatellite markers employed here is cost-effective, because the procedure does not require the synthesis of expensive fluorescently pre-labeled primers. Besides, each microsatellite marker can be labeled with any fluorescent dye; thus, multiplexed analysis is easily designed using combinations of products labeled with desired fluorophores. In the initial design of the multiplexing we found that the peak of one marker product overlapped with the neighboring marker labeled with the same fluorophore, causing problems in the identification of the alleles. The problem was solved by replacing the fluorophore of one of the overlapping markers with that of another in the same size range.
In many previous reports, the allelic imbalance factor (AIF), defined as the value of R T /R N , has been employed as an indicator to detect the imbalance in fluorescencebased microsatellite allele quantification. However, several cut-off values have been arbitrarily used among the reports. For example, Canzian et al. 22 ) defined 1.67 as a cut-off value, whereas other reports adopted different values, such as 1. 5 23) or 2.0. 24) The inconsistency in the reported occurrence of imbalance may thus be attributable to the ambiguity of the definition of the cut-off value.
In the assessment of variability of R N , Wang et al. 25) and Hampton et al. 26) have reported that R N can fluctuate by 20%, and they defined a tumor as having LOH when the ratio (R T ) is found outside this range. However, the numbers of normal samples used for evaluating the variability in their studies were small, and the studies did not take into account the variability of R N , which differs according to its value. In the assessment of microsatellite alleles proposed here, we judged the tumor to have allelic imbalance when the peak height ratio of alleles was statistically significantly different from that of normal. As shown in Fig. 2 , we found that the standard deviation of R N (σ R N ) varies, and is roughly proportional to R N . This relationship was used to estimate the σ R N of each genotype. We then set the cut-off value at six times σ R N . At this setting, the possibility of false positives in the judgment of allelic loss is less than 1%, assuming that the ratio follows Student's t distribution. The false negative rate is expected to be low, as demonstrated in Fig. 3 , although its exact percentage is unknown. Also, as has been described previously, 27 ) the relative peak height of alleles using post-PCR fluorescence-labeling can be quantified within an error range of 1.8%. This is small enough for the detection of allelic imbalance when PCR products of the same batch are compared.
We compared the sensitivity of the two methods, the AIF method and ours, using the same samples. The cut-off value was set to 1.5, the most sensitive criterion among the previous reports, and the imbalances were scored for all the markers on chromosome 10. We found that out of the 300 loci detected as imbalanced in our method, 62 (20%) failed to be detected in the AIF method (data not shown). None of the loci constitutively heterozygous in our method was judged to be at imbalance in the AIF method. Thus, our method is clearly more sensitive. The specific patterns of the imbalance detected by our method, i.e., contiguity of most of the loci of imbalance found, strongly argue that our approach is valid.
From the biological standpoint, allelic imbalances of chromosomes 1p and 19q are observed in both of the histologically different gliomas, although the frequencies are somewhat different. On the other hand, loss of chromosome 10 seems to be the most discriminative genetic alteration that distinguishes astrocytic gliomas from oligodendrogliomas, an observation that confirms some previous reports and opens the possibility that this chromosomal aberration may be useful as a clinical indicator of astrocytic gliomas. Fig. 5 . Allelotyping of p53 and CDKN2A loci. The order of case numbers is the same as in Fig. 4 . retention, not informative, allelic imbalance.
